The rice blast fungus *Magnaporthe oryzae* is a serious threat to rice production worldwide, causing losses enough to feed 60 million people every year ([@b8-ppj-30-136]). When typically three-celled conidia of *M. oryzae*, the primary inoculum, land on the surface of rice, they germinate and form specialized infection structures, such as the appressorium and invasive hyphae, in sequence to invade rice tissue. Following successful *in planta* proliferation, *M. oryzae* produces conidia to initiate next cycle ([@b9-ppj-30-136]; [@b32-ppj-30-136]). Several genes required for appressorium formation ([@b29-ppj-30-136]; [@b33-ppj-30-136]; [@b37-ppj-30-136]) and those expressed *in planta* ([@b15-ppj-30-136]) have been identified. Systematic identification and characterization of candidate genes associated with infection-related traits have been greatly facilitated by the release of annotated genome sequences of *M. oryzae* ([@b8-ppj-30-136]).

Recently, a number of *M. oryzae* genes encoding transcription factors (TFs) have been characterized to determine their involvement in controlling pathogenicity and development. MoCRZ1, a calcineurin-responsive C~2~H~2~-type zinc finger TF, regulates growth and pathogenicity in response to Ca^2+^-dependent signaling ([@b7-ppj-30-136]). The MIG1 protein, a MADS box TF, functions downstream of the MAP kinase signaling pathway and is required for infectious growth ([@b20-ppj-30-136]). Homeobox genes *MoHOX2*, *MoHOX7*, and *MST12* (=*MoHOX8*) encode developmental stage-specific TFs that control asexual reproduction, appressorium formation, and host penetration, respectively ([@b16-ppj-30-136]). The bZIP TF MoAP1 is critical for oxidative stress response, development, and pathogenicity ([@b11-ppj-30-136]). Gene expression analysis of most *M. oryzae* TF genes under diverse growth conditions and stresses and developmental stages provided comprehensive insights into the transcriptional regulatory network controlling and coordinating its growth, development, pathogenicity and stress responses ([@b23-ppj-30-136]).

In the current study, we report the characterization of three members of the forkhead-box (FOX) TF gene family, which was named after the *Drosophila melanogaster* gene responsible for two spiked-head mutant ([@b14-ppj-30-136]; [@b36-ppj-30-136]), in *M. oryzae*. FOX TFs contain a DNA binding domain of about 110 amino acids, which consists of three α-helices, three β-strands, and two 'wing' regions and forms a helix-turn-helix structure called 'winged helix'. Most FOX TFs bind to DNA as a monomer and are involved in controlling a wide range of biological processes such as cell cycle progression, growth and differentiation ([@b3-ppj-30-136]). The genes for FOX TFs have been found in the genomes of animals and fungi, but not plants ([@b28-ppj-30-136]). In *Saccharomyces cerevisiae*, four FOX TFs, FKH1, FKH2, HCM1, and FHL1, have been characterized. FKH1 and FKH2 are regulators of genes involved in the G2 and M phases of cell cycle, and disruption of *FKH1* and *FKH2* caused impaired cell division and abnormal morphology ([@b17-ppj-30-136]; [@b18-ppj-30-136]; [@b39-ppj-30-136]). HCM1 takes part in controlling the S phase and chromosome segregation ([@b24-ppj-30-136]), while FHL1 seems to control rRNA processing ([@b12-ppj-30-136]). The four FOX TF genes in *Schizosaccharomyces pombe*, including *fkh2*^+^, *sep1*^+^, *mei4*^+^ and *fhl1*^+^, also are important for cell cycle control and morphogenesis. Fkh2, a homolog of *S. cerevisiae* FKH1 and FKH2, regulates the periodic expression of M- and G1-phase genes and is required for normal cell division ([@b2-ppj-30-136]). The *sep1*^+^ gene controls cell separation and is transcribed in cell cycle dependent manner ([@b25-ppj-30-136]). The *mei4^+^* gene encodes a meiosis-specific TF that is transcribed after premeiotic DNA replication ([@b13-ppj-30-136]) and *fhl1*^+^, a homolog of *S. cerevisiae FHL1*, shows a non-periodical expression pattern and participates in cell morphogenesis ([@b31-ppj-30-136]). *CaFKH*2 in *Candida albicans* controls yeast and true-hyphal morphogenesis. Mutant lacking *CaFKH2* formed pseudohyphae and lost its virulence ([@b1-ppj-30-136]). In *Aspergillus nidulans*, the *fkhF* and *fkhE* genes encode FOX TFs and are important for asexual development ([@b22-ppj-30-136]). [@b19-ppj-30-136] reported that *A. nidulans fhpA* gene is a possible regulator of sexual development.

To reveal the roles of FOX TFs in *M. oryzae*, we conducted phylogenetic analysis and functionally characterized FOX TF genes in *M. oryzae. MoFKH1* deletion (*ΔMofkh1*) affected mycelial growth, conidial germination, septation, stress response, and pathogenicity. Loss of *MoHCM1* (*ΔMohcm1*) caused defects in mycelial growth and conidial germination. *ΔMofkh1* and *ΔMohcm1* also showed higher sensitivity to cell cycle inhibitors. However, *ΔMofox1* was indistinguishable from the wild-type and *MoFOX2* deletion was not successful even after repeated attempts. Overall, our results revealed roles of *MoFKH1* and *MoHCM1* in fungal development, pathogenicity, and stress response, which will contribute to elucidating the regulatory mechanism of *M. oryzae* infection.

Materials and Methods
=====================

Fungal strains and culture conditions
-------------------------------------

*M. oryzae* wild-type strain KJ201 was obtained from the Center for Fungal Genetic Resources (CFGR, <http://knrrb.knrrc.or.kr/index.jsp?rrb=cfgr>). For conidial production, wild-type and mutant strains were grown at 25°C on oatmeal agar (OMA, 50 g of oatmeal and 25 g of agar per liter) or V8 juice agar (V8A, 80 ml of V8 juice, 310 μl of 10 N NaOH, and 15 g of agar per liter) under continuous fluorescent light. Conidia were harvested by rubbing the culture surface with sterilized distilled water followed by filtration through Miracloth (Calbiochem, USA). DNA was isolated from mycelia grown in liquid complete medium (CM, 6 g of yeast extract, 6 g of Casamino acids, and 10 g of sucrose per liter). To evaluate mycelial growth, modified complete agar (MCA, 10 g of glucose, 2 g of peptone, 1 g of yeast extract, 1 g of Casamino acids, 6 g of NaNO~3~, 0.5 g of KCl, 0.5 g of MgSO~4~, 1.5 g of KH~2~PO~4~, and 15 g of agar per liter supplemented with trace elements and vitamins) and modified minimal agar (MMA, MCA without peptone, yeast extract, and Casamino acids) ([@b34-ppj-30-136]) were used.

Identification and phylogenetic analysis of putative fungal FOX TFs
-------------------------------------------------------------------

Via InterProScan using the term IPR001766, which corresponds to the DNA binding domain of FOX TFs, putative FOX TFs were identified. Sequences of FOX TFs in various fungi were obtained from the Fungal Transcription Factor Database (FTFD, <http://ftfd.snu.ac.kr>) ([@b21-ppj-30-136]) and Comparative Fungal Genomics Platform (CFGP, <http://cfgp.snu.ac.kr/>) ([@b6-ppj-30-136]) ([Table 1](#t1-ppj-30-136){ref-type="table"}). Protein sequences were aligned by ClustalW, and phylogenetic tree was constructed using the neighbor-joining method in MEGA program ([@b35-ppj-30-136]). Phylogenetic relationships were tested with a bootstrap method using 2,000 repetitions.

Nucleic acid manipulation and fungal transformation
---------------------------------------------------

Genomic DNA was isolated using two different methods depending on experimental purpose. Genomic DNA for double-joint PCR and Southern blot was isolated according to a standard protocol ([@b26-ppj-30-136]). Genomic DNA used for gene deletion mutant screening by PCR was prepared using a quick extraction method ([@b5-ppj-30-136]). Gene knockout constructs were produced using double-joint PCR ([@b38-ppj-30-136]), which fuses three different DNA fragments (two 1 to 1.5 kb fragments corresponding to the 5′- and 3′-flank regions of each target gene and a 2.1 kb fragment containing the Hygromycin B phosphotransferase gene) ([Table 2](#t2-ppj-30-136){ref-type="table"}). Resulting constructs were introduced into protoplasts of KJ201 as previously described ([@b30-ppj-30-136]). Hygromycin B-resistant transformants were screened first using PCR and confirmed by Southern analysis ([@b26-ppj-30-136]) ([Fig. 2](#f2-ppj-30-136){ref-type="fig"}). Hybridization probes were prepared using the Rediprime^™^ II DNA Labeling System (GE Healthcare, USA) according to the manufacturer's instructions, and signals on the membranes were detected using Phosphorimager (BAS-2040, Fuji Photo Film, Japan). For genetic complementation, an intact copy of the mutated gene was amplified by PCR and introduced into protoplasts of individual mutants using a geneticin-resistance gene as a selection marker.

Morphological and growth characteristics of mutant strains
----------------------------------------------------------

To evaluate mycelial growth, the diameter of colonies grown on MCA and MMA was measured at 9 days post inoculation (dpi) with three replicates. The ability of asexual reproduction was assessed by counting the number of conidia harvested with 5 ml of sterilized distilled water from 6-day-old V8A cultures using a hemacytometer. The size of individual conidia was measured using a light microscope, and conidial germination and appressorium formation were evaluated on a hydrophobic coverslip. Three drops (40 μl per drop) of conidial suspension (approximately 2 to 5 × 10^4^ conidia/ml) on a coverslip were placed in a container with wet paper towel and incubated at 25°C for 4 and 24 h. The proportions of germinating conidia and those forming the appressorium were microscopically counted (at least 100 conidia per replicate with three replicates). To visualize dead conidia, phloxine B was added to conidial suspensions harvested from two-week-old V8A cultures at the final concentration of 20 μg/ml and stained for 1 h. To determine the number of cells in conidia, conidia harvested from 30-day-old OMA cultures were examined using a microscope (at least 500 conidia per replicate with three replicates). To visualize conidial cell wall and nuclei, calcofluor white and Hoechst 33342, respectively were used. To observe the septum formation in hyphae, conidia were inoculated on 50 to 100 μl drop of diluted complete agar (0.6 g of yeast extract, 0.6 g of Casamino acids, 1 g of sucrose, and 15 g of agar per liter) on a slide glass or petri dish. After 36 to 48 hours of incubation at 25°C under humid condition, agar drops were dried in a clean bench and observed using a light microscope. Hyphal morphology was observed using a light microscope after culturing conidia in liquid diluted CM (0.6 g of yeast extract, 0.6 g of Casamino acids, 1 g of sucrose per liter) for 2 days.

Assessment of sensitivity to cell cycle inhibitors and physiological response to various types of stresses
----------------------------------------------------------------------------------------------------------

To assess the sensitivity to cell cycle inhibitors, conidial suspension (approximately 2 to 5 × 10^4^ conidia/ml) was dropped on hydrophobic coverslip with 0.5 mM hydroxyurea and 2 μg/ml benomyl. Benomyl was dissolved in 95% EtOH to make a 1 mg/ml stock solution. Conidial germination and appressorium formation were microscopically evaluated at 24 hours post inoculation (hpi). For high or low temperature stresses, conidial suspension (approximately 2 to 5 × 10^4^ conidia/ml) was dropped on hydrophobic coverslip, followed by incubation at 37°C and 4°C. After 24 hpi, the samples were moved to 25°C for further growth. Conidial germination and appressorium formation were evaluated at 48 hpi. Physiological response to various chemicals that cause stress was evaluated using a novel colorimetric measurement method using a pH indicator (J. Park et al. manuscript in preparation). Conidial suspension (approximately 1 × 10^6^ conidia/ml) was inoculated in wells of 384-well microtiter plate containing the following chemical solutions in water and incubated at 25°C for 1 day: 100 mM NaCl, 150 mM KCl, 150 mM MgCl~2~, 100 mM LiCl, 100 mM CaCl~2~, 0.2 mM EDTA, 5 mM Caffeine, 0.2 mM MnCl~2~, 0.08 mM ZnSO~4~, 25 mM hydroxyurea, 5 μg/ml benomyl, 0.2 μM cycloheximide, 1.3 mM 3-AT, 133 ppm calcofluor white, 0.002% SDS, 0.5 mM DTT, 0.0001% methyl viologen, 1 mM H~2~O~2~, 40 ppm *p*-coumaric acid, 13 mM KClO~3~, and 0.4 mM NaNO~2~. After the incubation, an alkalinization-inducing medium (L-aspartic acid solution at the final concentration of 2.5 mM with 0.008% bromocresol purple) was added to individual wells to monitor the ambient alkalinization process. Initial pH of the alkalinization-inducing medium was adjusted to be 4.6 by adding NaOH solution. Color change of bromocresol purple (from yellow to purple) was continuously measured for 24 h at every 20 minutes using a microplate reader (Epoch, BioTek, USA) at 589 nm and 432 nm. The relative activity of alkalinization was used as an indirect indicator for physiological response of each strain to individual chemicals.

Rice infection assays
---------------------

Conidia were harvested from 7 to 14-day-old V8A cultures, and 10 ml of conidial suspension (approximately 5 × 10^4^ conidia/ml) containing 250 ppm Tween 20 was sprayed onto susceptible rice seedlings (*Oryza sativa* cv. Nakdongbyeo) at the 4 to 5 leaf stage. The inoculated plants were kept in a dew chamber at 25°C for 24 hours under darkness and then moved to a growth chamber with 16-h-light/8-h-dark cycle. Diseased leaves were evaluated at 6 to 7 dpi. Penetration assays were performed using rice sheaths. Conidial suspension (approximately 2 × 10^4^ conidia/ml) was injected in rice sheath and incubated at 25°C under high humidity. Invasive growth of *M. oryzae* strains was observed at 48 hpi using a light microscope.

Results
=======

The genome of *M. oryzae* encodes four FOX TFs
----------------------------------------------

Species in the phyla Ascomycota and Basidiomycota carry 3 to 6 putative FOX TF genes with *M. oryzae* containing four ([Table 1](#t1-ppj-30-136){ref-type="table"}), according to data archived in the Fungal Transcription Factor Database ([@b21-ppj-30-136]). To study how the *M. oryzae* FOX TFs have evolved and are related to previously characterized fungal FOX TFs, a phylogenetic analysis was conducted using FOX TFs in *M. oryzae* and 19 other species ([Fig. 1](#f1-ppj-30-136){ref-type="fig"}). MGG_06258.7, a *M. oryzae* FOX TF belonging to Ascomycota clade 1, was closely related to *S. cerevisiae* FKH1 and FKH2, *S. pombe* Fkh2, and *C. albicans* CaFKH2, while MGG_06422.7 is orthologous to *S. cerevisiae* HCM1 and *S. pombe* Mei4 and Sep1 (Ascomycota clade 2). Accordingly, these proteins were named as MoFKH1 and MoHCM1, respectively. The remaining two FOX TFs in *M. oryzae* (MGG_01853.7 and MGG_14496.7) belong to Pezizomycotina-specific clades and were named MoFOX1 and MoFOX2, respectively. MoFOX1 is an ortholog of *A. nidulans* FhpA, which seems to be a regulator of sexual reproduction ([@b19-ppj-30-136]).

These *M. oryzae* FOX TF genes were mutagenized via transformation-mediated gene replacement to study their roles. Screening of 48, 48, 287, and 1,378 Hygromycin B-resistant transformants with mutant alleles of *MoFKH1*, *MoHCM1*, *MoFOX1*, and *MoFOX2*, respectively, resulted in 2, 4, 2, and 0 desired mutants. We used one mutant for each gene, including Δ*Mofkh1-1*, *ΔMohcm1-4*, and *ΔMofox1-1*, for phenotypic characterizations ([Fig. 2](#f2-ppj-30-136){ref-type="fig"} and [Table 3](#t3-ppj-30-136){ref-type="table"}). *MoFOX2* may be an essential gene given the failure of obtaining a mutant even after screening 1,378 transformants from three independent experiments.

Δ*Mofkh1* and *ΔMohcm1* showed defects in growth and conidial germination
-------------------------------------------------------------------------

*ΔMofkh1* and *ΔMohcm1* showed slightly reduced growth on MCA and MMA ([Fig. 3A](#f3-ppj-30-136){ref-type="fig"}) as well as V8A and OMA (data not shown). The amount of conidia produced by *ΔMofkh1* and Δ*Mohcm1* was similar to that of wild-type strain KJ201 ([Fig. 3B](#f3-ppj-30-136){ref-type="fig"}), whereas conidial germination was decreased in these mutants ([Fig. 3C](#f3-ppj-30-136){ref-type="fig"}). Approximately 70% and less than 90% of *ΔMofkh1* and *ΔMohcm1* conidia, respectively, germinated after 24 hours of incubation. Their reduced conidial germination was not complemented by additional nutrients or longer incubation (data not shown). To test if the reduced germination was due to lower conidial viability, we stained conidia with phloxine B, which accumulates in dead conidia. 10.8% of *ΔMofkh1* conidia appeared dead, while *ΔMohcm1* and KJ201 produced 0.5 to 1.9% of stillbirth conidia ([Fig. 3D](#f3-ppj-30-136){ref-type="fig"}), suggesting that the reduced conidial germination in *ΔMofkh1* and *ΔMohcm1* is not simply due to increased production of nonviable conidia. Growth retardation and germination defect in *ΔMofkh1* and *ΔMohcm1* were fully restored when an intact copy of the mutated gene was reintroduced. *ΔMofox1* was indistinguishable from wild-type in growth and conidial production and germination.

Appressorium formation of *ΔMohcm1* was more severely affected by cell cycle inhibitors
---------------------------------------------------------------------------------------

Based on previous studies suggesting the involvement of the orthologs of MoFKH1 and MoHCM1 in cell cycle regulation in model yeasts ([@b24-ppj-30-136]; [@b39-ppj-30-136]), sensitivity of all three mutants to hydroxyurea and benomyl, cell cycle inhibitors, was measured. Hydroxyurea is a reversible inhibitor of ribonucleotide reductase and arrests the initiation and elongation of DNA replication. Benomyl causes spindle depolymerization, thus inhibiting chromosome segregation. While over 90% of germinated-conidia formed the appressorium at 24 hpi in all strains ([Fig. 3E](#f3-ppj-30-136){ref-type="fig"}), in the presence of hydroxyurea, many more germinated-conidia failed to form appressoria in *ΔMohcm1* compared to other strains ([Fig. 4A](#f4-ppj-30-136){ref-type="fig"}). In the presence of benomyl, the percentage of appressorium formation was reduced to 52.2% in *ΔMohcm1*, while ≥70% of them still formed the appressorium in other strains ([Fig. 4B](#f4-ppj-30-136){ref-type="fig"}). Sensitivity of a complemented strain of *ΔMohcm1* to these compounds was comparable to that of KJ201.

Deletion of *MoFKH1* affected septum formation and cell division
----------------------------------------------------------------

*ΔMofkh1* produced relatively smaller conidia than those produced by KJ201 ([Fig. 5A](#f5-ppj-30-136){ref-type="fig"} and [5B](#f5-ppj-30-136){ref-type="fig"}). However, while KJ201 mainly produced typical three-celled conidia, \>10% of *ΔMofkh1* conidia contain ≥4 cells ([Fig. 6A](#f6-ppj-30-136){ref-type="fig"}). The number of abnormal conidia increased as the culture aged with 15.9%, 2.3%, and 0.3% of the conidia containing four, five, and six cells, respectively after 30 days of incubation on OMA ([Fig. 6B](#f6-ppj-30-136){ref-type="fig"}). Staining with Hoechst 33342 showed that the abnormal conidia of *ΔMofkh1* also exhibited an increased number of nuclei ([Fig. 6C](#f6-ppj-30-136){ref-type="fig"}), suggesting improper control of cell division in this mutant. In addition, *ΔMofkh1* mycelia exhibited increased septation ([Fig. 7A](#f7-ppj-30-136){ref-type="fig"}). When conidia in diluted CM were incubated at 25°C for 2 days, uneven shaped hyphae formed by *ΔMofkh1* ([Fig. 7B](#f7-ppj-30-136){ref-type="fig"}). Imaging by scanning electron microscope revealed highly increased septum formation in this uneven shaped hyphae ([Fig. 7C](#f7-ppj-30-136){ref-type="fig"}). The complemented strain *Mofkh1c* and other mutant strains (*ΔMohcm1* and *ΔMofox1*) displayed wild-type hyphal morphology and septation.

Differential physiological responses of FOX TF mutants to multiple chemical agents and temperature stresses
-----------------------------------------------------------------------------------------------------------

To study if and how individual mutations affect physiological response to various agents that cause stress, external pH change, as an indirect indicator of the physiological status of cells, was monitored via the use of a colorimetric measurement method (J. Park et al., manuscript in preparation) and compared with change in KJ201 ([Table 4](#t4-ppj-30-136){ref-type="table"}). Δ*Mofkh1* showed alkalinization activity significantly different from KJ201 in the presence of salts (NaCl, KCl, and LiCl), heavy metal (ZnSO~4~), cell cycle inhibitor (benomyl), a plant phenolic compound (*p*-coumaric acid), and DTT that causes *endoplasmic reticulum* (*ER*) stress. The alkalinization activity of Δ*Mohcm1* and *ΔMofox1* was comparable to that of KJ201 under all conditions.

To evaluate their sensitivity to high and low temperatures, we treated conidia of KJ201 and its mutants at 37°C and 4°C for 24 hours. Germination and appressorium formation rates of *ΔMofkh1* conidia were reduced from 72.7% to 43% and 94.5% to 34.5%, respectively after heat treatment, while other strains showed slight or no reduction ([Fig. 8A](#f8-ppj-30-136){ref-type="fig"}). Although the number of dead conidia in *ΔMofkh1* slightly increased after the heat treatment, \>80% of them were still viable. Other strains including KJ201 showed less than 3% of stillbirth conidia after the heat treatment ([Fig. 8B](#f8-ppj-30-136){ref-type="fig"}). All the mutant strains were not sensitive to the cold shock.

Loss of *MoFKH1* reduced virulence
----------------------------------

To evaluate virulence, two methods were employed. Upon spray inoculation of susceptible rice seedlings with conidia, all three mutants and KJ201 caused lesions on rice leaves. However, *ΔMofkh1* formed relatively smaller lesions than the others. Most lesions formed by *ΔMofkh1* remained dark-brown spot and expanded more slowly compared to those caused by KJ201 ([Fig. 9A](#f9-ppj-30-136){ref-type="fig"}). Invasive growth of *ΔMofkh1* in rice sheath cells also was slightly reduced compared to that of KJ201 ([Fig. 9B](#f9-ppj-30-136){ref-type="fig"}). Genetic complementation confirmed that loss of *MoFKH1* was responsible for reduced virulence.

Discussion
==========

TFs are pivotal components in controlling and coordinating diverse biological processes by orchestrating gene expression in response to various stimuli and developmental cues. Although well-annotated genome sequences have accelerated functional analyses of TFs in *M. oryzae* ([@b7-ppj-30-136]; [@b11-ppj-30-136]; [@b16-ppj-30-136]; [@b20-ppj-30-136]; [@b21-ppj-30-136]; [@b23-ppj-30-136]), most predicted TFs still remain to be characterized. The focus of this study was on determining the roles of the FOX TF gene family, which consists of four genes, in controlling development, pathogenicity, and stress response.

Species in Ascomycota and Basidiomycota contain 3--6 FOX TF genes, whereas species in the phylum Zygomycota carry 10 or more (e.g., 10, 11, and 12 genes in *Mucor circinelloides*, *Phycomyces blakesleeanus*, and *Rhizopus oryzae*, respectively) ([@b21-ppj-30-136]). Phylogenetic analysis using characterized and predicted fungal FOX TFs revealed multiple seemingly phylum- or subphylum-specific clades. The number variation and taxon-specific distribution of members of this gene family suggest its dynamic evolution probably driven by unique regulatory needs in individual taxa.

MoFKH1 is a homolog of *S. cerevisiae* FKH1 and FKH2 ([@b39-ppj-30-136]), *S. pombe* Fkh2 ([@b2-ppj-30-136]), and *C. albicans* CaFKH2 ([@b1-ppj-30-136]). These proteins participate in controlling cell cycle, cell separation, and/or morphogenesis. Since septation is linked to cell cycle progression, abnormal septation observed in *ΔMofkh1* in conidia and mycelia ([Figs. 6](#f6-ppj-30-136){ref-type="fig"} and [7](#f7-ppj-30-136){ref-type="fig"}) suggest the involvement of MoFKH1 in cell cycle control. Increased number of nuclei in *ΔMofkh1* conidia and its susceptibility to benomyl also support this supposition. Although conidial germination and appressorium formation was not hindered by benomyl, the alkalinization activity in *ΔMofkh1* was significantly reduced compared to that of KJ201, suggesting that loss of *MoFKH1* affects the regulation of certain physiological processes. Results from this and previous studies ([@b2-ppj-30-136]; [@b39-ppj-30-136]) suggest that the function of MoFKH1 and its orthologs is conserved within Ascomycota. Reduced germination rate of *ΔMofkh1* conidia may be due to a combination of increased production of stillbirth conidia and unknown defects in controlling germ tube emergence. [@b23-ppj-30-136] reported that expression of *MoFKH1* increased in conidia, supporting its role in controlling the production of conidia.

As demonstrated in this study ([Table 4](#t4-ppj-30-136){ref-type="table"}), the use of ambient pH change as an indicator for monitoring physiological change in response to various agents that cause cellular stress offers a novel means for studying gene function. Given that many physiological processes affect ambient pH, this assay alone is not sufficient for revealing the nature of physiological change(s) caused by individual mutations, but provides useful clues to recognizing potential defects. In addition, because it employs microtiter plates and a plate reader, mutant responses to multiple stimuli can be quickly assayed. Reduced ambient alkalinization in the presence of ionic stresses (NaCl, KCl, LiCl, and ZnSO~4~) suggests a role of MoFKH1 in controlling cellular processes affected by these stresses. Higher sensitivity of Δ*Mofkh1* to DTT and heat shock also indicated that the function of MoFKH1 might be related to the unfolded protein response. Compared to *Δdes1* ([@b4-ppj-30-136]), which drastically affected alkalinization activity in response to H~2~O~2~ (data not shown), *ΔMofkh1* was indistinguishable from KJ201 under that condition. This suggests that reduced virulence of *ΔMofkh1* may be caused by defects other than its reduced ability to manage oxidative stress. One possible defect is unstable cell cycle progression. Several studies indicated the connection of orderly cell cycle control to proper development and pathogenicity in *M. oryzae*. SEP1, a putative homolog of Cdc7 in *S. pombe*, is essential for positioning of cell division sites, and its temperature-sensitive mutant showed reduced virulence ([@b27-ppj-30-136]). MoCDC15, a homolog of Cdc15 in *S. pombe*, is important for growth, septation, asexual development and pathogenicity ([@b10-ppj-30-136]). Expression of *MoCDC15* was elevated in *ΔMofkh1* ([@b10-ppj-30-136]), suggesting that MoFKH1 controls cell cycle control by modulating the expression of MoCDC15. When the phenotypes of *ΔMofkh1* and *ΔMoCDC15^TDNA^* are compared, they displayed similar reduction in mycelial growth, abnormal septation, reduced conidial germination, increased number of dead conidia, and reduced pathogenicity. The reduced alkalinization activity of *ΔMofkh1* in response to a plant phenolic compound (p-coumaric acid) suggests that reduced virulence in *ΔMofkh1* is in part caused by defect in responding to plant chemical defense.

MoHCM1 is homologous to *S. cerevisiae* HCM1 ([@b24-ppj-30-136]), *S. pombe* Sep1 ([@b25-ppj-30-136]) and Mei4 ([@b13-ppj-30-136]). Benomyl sensitivity of *ΔMohcm1* was similar to that of the *S. cerevisiae HCM1* mutant, suggesting their involvement in regulating conserved cell cycle-related processes. Given that *ΔMohcm1* normally formed septa, its role in cell cycle control may be distinct from that of MoFKH1. *MoHCM1* was required for normal germination and growth but dispensable for virulence and several stress responses. The failure in disrupting *ΔMoFOX2* may be due to low frequency of homologous recombination at this locus or lethality of resulting mutants. MoFOX1 is an ortholog of *A. nidulans* FhpA, a predicted regulator of sexual reproduction. However, we could not test its role in sexual reproduction because *M. oryzae* KJ201 is infertile. Loss of *MoFOX1* did not cause noticeable defects in development, pathogenicity, and all of tested stress conditions. Taken together, results from this study contribute to uncovering the transcriptional regulatory network controlling development, pathogenicity, and stress response in *M. oryzae*.
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![Phylogenetic analysis of putative FOX TFs encoded by selected species in Ascomycota and Basidiomycota. A phylogenetic tree based on their protein sequences was constructed using the neighbor-joining method with bootstrap analysis (2,000 replicates). Each number next to branches denotes the bootstrap value. Functionally characterized proteins and four putative FOX TFs in *M. oryzae* (MoFKH1, MoHCM1, MoFOX1, and MoFOX2) were noted with black arrows. Phylum and subphylum-specific clades in Ascomycota were marked by black lines.](ppj-30-136f1){#f1-ppj-30-136}

![Gene deletion strategy. *M. oryzae MoFKH1*, *MoHCM1*, and *MoFOX1* were deleted via transformation-mediated targeted gene replacement. Southern results confirmed gene deletion.](ppj-30-136f2){#f2-ppj-30-136}

![Colonial growth, spore production and germination, and appressorium formation. (A) Colony diameter of wild-type (KJ201), mutants (*ΔMofkh1*, *ΔMohcm1*, and *ΔMofox1*) and complemented mutant strains (*Mofkh1c* and *Mohcm1c*) on MCA and MMA was measured at 9 dpi. (B) The numbers of conidia produced by the same strains are graphically presented. (C) Conidial germination at 4 hpi and 24 hpi is shown. (D) Percentages of dead conidia are shown. (E) Percentages of germinated conidia that formed the appressorium at 24 hpi are shown.](ppj-30-136f3){#f3-ppj-30-136}

![Effect of cell cycle inhibitors on conidial germination and appressorium formation. Conidial germination and appressorium formation in the presence of (A) hydroxyurea (0.5 mM) and (B) benomyl (2 μg/ml with 0.19% EtOH) are shown. The control for benomyl treatment was 0.19% EtOH.](ppj-30-136f4){#f4-ppj-30-136}

![Effect of *MoFKH1* deletion on conidial size. (A) The average length and width of conidia produced by KJ201, mutants (*ΔMofkh1*, *ΔMohcm1*, and *ΔMofox1*) and complemented mutant strains (*Mofkh1c* and *Mohcm1c*) are shown. (B) Distribution patterns of conidial length and width among 100 conidia each from KJ201, *ΔMofkh1* and *Mofkh1c* are shown.](ppj-30-136f5){#f5-ppj-30-136}

![Changes in septation and cell number by *ΔMofkh1*. (A) Septation in KJ201 and *ΔMofkh1* conidia was visualized by calcofluor white staining. Bars = 10 μm. (B) Increased cell numbers in *ΔMofkh1* conidia. (C) Nuclei in KJ201 and *ΔMofkh1* conidia were stained using Hoechst 33342. White arrows indicate nuclei. Bars = 10 μm.](ppj-30-136f6){#f6-ppj-30-136}

![Abnormal septation and morphology in *ΔMofkh1* mycelia. (A) *ΔMofkh1* mycelia showed increased septation, which was denoted by black arrows. (B) Abnormal mycelial shapes of *ΔMofkh1* observed using a light microscope and (C) scanning electron micrographs are shown. Septa are marked using white arrows.](ppj-30-136f7){#f7-ppj-30-136}

![Responses of conidia of FOX TF mutants to temperature stresses. (A) Conidial germination and appressorium formation after high (37°C) and low (4°C) temperature treatments are shown. (B) Percentages of dead conidia after harvest (left panel) and following an incubation at 37°C for 24 h (right panel) are shown.](ppj-30-136f8){#f8-ppj-30-136}

![Reduced symptoms on rice leaves and infectious growth in rice sheath cells by *ΔMofkh1*. (A) Lesions formed by KJ201, *ΔMofkh1*, and *Mofkh1c* on rice leaves after spray inoculation are shown. (B) Invasive growth of KJ201, *ΔMofkh1*, and *Mofkh1c* in rice sheath at 48 hpi. Bars = 50 μm.](ppj-30-136f9){#f9-ppj-30-136}

###### 

Number of FOX TFs in the fungal species shown in [Fig. 1](#f1-ppj-30-136){ref-type="fig"}

  Phylum                               Subphylum                        Species (strain)                         Number of FOX TFs
  ------------------------------------ -------------------------------- ---------------------------------------- -------------------
  Ascomycota                           Pezizomycotina                   *Aspergillus nidulans* (FGSC A4)         6
  *Botrytis cinerea*                   4                                                                         
  *Coccidioides immitis*               3                                                                         
  *Fusarium graminearum*               4                                                                         
  *Histoplasma capsulatum* (H88)       4                                                                         
  *Magnaporthe oryzae* (70-15)         4                                                                         
  *Neurospora crassa*                  3                                                                         
  *Podospora anserina*                 4                                                                         
  Saccharomycotina                     *Ashbya gossypii* (ATCC 10895)   3                                        
  *Candida albicans* (SC5314)          3                                                                         
  *Debaryomyces hansenii*              3                                                                         
  *Kluyveromyces lactis*               3                                                                         
  *Pichia stipitis*                    3                                                                         
  *Saccharomyces cerevisiae* (S288C)   4                                                                         
  Taphrinomycotina                     *Schizosaccharomyces pombe*      4                                        
  Basidiomycota                        Agaricomycotina                  *Cryptococcus neoformans* (serotype A)   6
  *Heterobasidion annosum*             4                                                                         
  *Laccaria bicolor*                   4                                                                         
  *Serpula lacrymans* (S7.3)           4                                                                         
  *Phanerochaete chrysosporium*        5                                                                         

###### 

Primers used for producing gene knockout constructs

  Name               Sequence (5′ to 3′)
  ------------------ -----------------------------------------------
  MoFKH1_UF          AAGGCTCGGGCCTATCTATC
  MoFKH1_UR          gcacaggtacacttgtttagagaAAGGTGAAGGGTGTGACAGG
  MoFKH1_DF          ccttcaatatcatcttctgtcgaCTGCAAAGCCAGACACTCAG
  MoFKH1_DR          TTCCCTACCATCAGCTGGAC
  MoFKH1_UF_nested   GATGTGCCACGGATTGACC
  MoFKH1_DR_nested   ACCCAGTCTCACCCATTCTC
  MoHCM1_UF          CCCACGAACAAGGAAGGTAA
  MoHCM1_UR          gcacaggtacacttgtttagagaGGGTCGCGACTCTGTACTGT
  MoHCM1_DF          ccttcaatatcatcttctgtcgaCTTGTGATTCGCAAAAACGA
  MoHCM1_DR          CCTCTGCCTTTTCCACCATA
  MoHCM1_UF_nested   AAAACCTGGGTGTCAAAGC
  MoHCM1_DR_nested   CTCCACCCGAATATCAAGG
  MoFOX1_UF          CAGGAAATGAGCGGTCTATC
  MoFOX1_UR          gcacaggtacacttgtttagagaGGCTGAGCGAGTAGGAATG
  MoFOX1_DF          ccttcaatatcatcttctgtcgaTGAACCCTGCCCTATATCTGAC
  MoFOX1_DR          GACGCAAATGGGACAAACTC
  MoFOX1_UF_nested   CTTCCCTTGTGTACTTGTTGC
  MoFOX1_DR_nested   CGTATCGTCTCCCTTCCTTC
  Hyg B_f            CGACAGAAGATGATATTGAAGG
  Hyg B_r            CTCTAAACAAGTGTACCTGTGC

Linker sequences were denoted by lower case letters.

###### 

*M. oryzae* strains used in this study

  Strains     Genotype
  ----------- ----------------------------------------------------------
  KJ201       Wild-type
  *ΔMofkh1*   Mutant of KJ201 with its *MoFKH1* deleted
  *Mofkh1c*   *ΔMofkh1* complemented with a wild-type copy of *MoFKH1*
  *ΔMohcm1*   Mutant of KJ201 with its *MoHCM1* deleted
  *Mohcm1c*   *ΔMohcm1* complemented with a wild-type copy of *MoHCM1*
  *ΔMofox1*   Mutant of KJ201 with its *MoFOX1* deleted

###### 

Relative alkalinization activity of FOX TF mutants under various conditions

  Treatments               Relative alkalinization activity of each strain[^a^](#tfn2-ppj-30-136){ref-type="table-fn"}                                                                              
  ------------------------ --------------------------------------------------------------------------------------------- -------------------- ----------------- ----------------- ----------------- -----------------
  NaCl                     1.00^A^                                                                                       **0.73 ± 0.04^B^**   1.06 ± 0.09^A^    1.03 ± 0.03^A^    1.12 ± 0.08^A^    0.98 ± 0.11^A^
  KCl                      1.00^A^                                                                                       **0.81 ± 0.11^B^**   1.02 ± 0.05^A^    1.03 ± 0.04^A^    1.10 ± 0.03^A^    0.94 ± 0.11^AB^
  MgCl~2~                  1.00^A^                                                                                       1.04 ± 0.19^A^       1.00 ± 0.02^A^    1.04 ± 0.05^A^    1.10 ± 0.13^A^    0.90 ± 0.12^A^
  LiCl                     1.00^A^                                                                                       **0.69 ± 0.09^B^**   1.01 ± 0.07^A^    1.10 ± 0.09^A^    1.12 ± 0.08^A^    0.98 ± 0.14^A^
  CaCl~2~                  1.00^A^                                                                                       1.04 ± 0.21^A^       1.00 ± 0.05^A^    1.04 ± 0.07^A^    1.12 ± 0.12^A^    0.93 ± 0.08^A^
  EDTA                     1.00^AB^                                                                                      0.85 ± 0.15^B^       0.98 ± 0.19^AB^   1.09 ± 0.06^AB^   1.10 ± 0.09^AB^   1.22 ± 0.08^A^
  Caffeine                 1.00^AB^                                                                                      0.95 ± 0.03^B^       0.99 ± 0.12^B^    1.21 ± 0.05^A^    1.10 ± 0.08^AB^   1.05 ± 0.10^AB^
  MnCl~2~                  1.00^A^                                                                                       0.78 ± 0.08^A^       1.05 ± 0.17^A^    1.03 ± 0.11^A^    1.16 ± 0.11^A^    0.87 ± 0.30^A^
  ZnSO~4~                  1.00^A^                                                                                       **0.58 ± 0.14^B^**   0.98 ± 0.09^A^    0.96 ± 0.06^A^    1.13 ± 0.15^A^    0.92 ± 0.20^A^
  Hydroxyurea              1.00^AB^                                                                                      0.78 ± 0.10^B^       1.07 ± 0.06^A^    1.14 ± 0.06^A^    1.14 ± 0.09^A^    1.00 ± 0.20^AB^
  Benomyl                  1.00^A^                                                                                       **0.59 ± 0.13^B^**   1.01 ± 0.09^A^    1.02 ± 0.05^A^    1.14 ± 0.08^A^    0.92 ± 0.10^A^
  Cycloheximide            1.00^AB^                                                                                      1.18 ± 0.11^A^       0.94 ± 0.03^B^    1.00 ± 0.06^AB^   1.06 ± 0.06^AB^   0.85 ± 0.14^B^
  3-Amino-1,2,4-triazole   1.00^A^                                                                                       0.96 ± 0.08^A^       1.03 ± 0.16^A^    1.07 ± 0.05^A^    1.02 ± 0.01^A^    0.97 ± 0.14^A^
  Calcofluor white         1.00^A^                                                                                       1.14 ± 0.09^A^       0.98 ± 0.13^A^    1.07 ± 0.07^A^    0.96 ± 0.06^A^    1.04 ± 0.12^A^
  SDS                      1.00^A^                                                                                       0.76 ± 0.11^A^       1.06 ± 0.26^A^    1.24 ± 0.25^A^    1.22 ± 0.16^A^    1.22 ± 0.30^A^
  DTT                      1.00^A^                                                                                       **0.32 ± 0.05^B^**   1.25 ± 0.30^A^    1.27 ± 0.10^A^    1.19 ± 0.16^A^    1.06 ± 0.25^A^
  Methyl viologen          1.00^AB^                                                                                      0.81 ± 0.13^B^       1.10 ± 0.08^A^    1.18 ± 0.08^A^    1.09 ± 0.12^A^    0.81 ± 0.09^B^
  H~2~O~2~                 1.00^A^                                                                                       1.03 ± 0.22^A^       1.02 ± 0.12^A^    1.19 ± 0.20^A^    1.04 ± 0.14^A^    0.89 ± 0.17^A^
  *p*-Coumaric acid        1.00^A^                                                                                       **0.74 ± 0.05^B^**   1.06 ± 0.08^A^    1.00 ± 0.05^A^    1.06 ± 0.10^A^    0.92 ± 0.05^A^
  KClO~3~                  1.00^A^                                                                                       0.98 ± 0.11^A^       1.07 ± 0.07^A^    1.10 ± 0.04^A^    1.05 ± 0.04^A^    0.92 ± 0.16^A^
  NaNO~2~                  1.00^A^                                                                                       0.98 ± 0.12^A^       1.07 ± 0.03^A^    1.10 ± 0.10^A^    1.03 ± 0.03^A^    0.96 ± 0.10^A^

Relative alkalinization activity = (alkalinization activity of mutant in stress condition/alkalinization activity of mutant in NT)/(alkalinization activity of KJ201 in stress condition/alkalinization activity of KJ201 in NT)

Alkalinization activity = area under the curve of a *Δ*log~10~\[OD at 589 nm/OD at 432 nm\] versus time graph in the presence of pH indicator

NT means non-treatment.

Significant changes were bolded.
